N atural killer (NK) cells express a variety of inhibitory killer Ig-like receptors (KIR) that inhibit cytotoxicity upon recognition of class I MHC proteins (1). In this manner NK cells detect diseased cells through their loss of expression of self-MHC protein rather than by directly detecting foreign antigen, a conjecture known as the missing self-hypothesis (2). Inhibitory NK receptors containing two Ig domains, denoted KIR1 (or KIR2DL1) and KIR2 (or KIR2DL2), recognize the class I MHC proteins, HLA-Cw4 or -Cw6 and HLA-Cw3 or -Cw7, respectively (3, 4). Crystal structures of both class I MHC and KIR extracellular domains have been determined (5-9), and the appropriate binding sites have been mapped by site-directed mutagenesis (10-15). Although the binding kinetics between soluble KIR͞MHC proteins, determined by surface plasmon resonance, are extremely fast (16-18), video microscopy of NK cell immunosurveillance shows that intercellular contacts last for minutes (not shown). Thus, we set out to delineate the molecular mechanisms of NK cell recognition that occur over this time frame.
N atural killer (NK) cells express a variety of inhibitory killer
Ig-like receptors (KIR) that inhibit cytotoxicity upon recognition of class I MHC proteins (1) . In this manner NK cells detect diseased cells through their loss of expression of self-MHC protein rather than by directly detecting foreign antigen, a conjecture known as the missing self-hypothesis (2) . Inhibitory NK receptors containing two Ig domains, denoted KIR1 (or KIR2DL1) and KIR2 (or KIR2DL2), recognize the class I MHC proteins, HLA-Cw4 or -Cw6 and HLA-Cw3 or -Cw7, respectively (3, 4) . Crystal structures of both class I MHC and KIR extracellular domains have been determined (5) (6) (7) (8) (9) , and the appropriate binding sites have been mapped by site-directed mutagenesis (10) (11) (12) (13) (14) (15) . Although the binding kinetics between soluble KIR͞MHC proteins, determined by surface plasmon resonance, are extremely fast (16) (17) (18) , video microscopy of NK cell immunosurveillance shows that intercellular contacts last for minutes (not shown). Thus, we set out to delineate the molecular mechanisms of NK cell recognition that occur over this time frame.
An enhanced variant of green fluorescent protein (EGFP) (19) , originally discovered and cloned from Aequorea victoria jellyfish (20, 21) , was used to mark the location of HLA-C. Plasmids encoding EGFP attached to the intracellular C terminus of class I MHC protein were transfected into 721.221, a B cell line derived by mutagenesis that does not express class I MHC protein (22, 23) . These transfectants then were incubated with various NK cell lines for 20 min at 37°C, after which time many NK cell͞target cell conjugates were formed. Conjugates of living NK and target cells were imaged by laser-scanning confocal fluorescence microscopy. This methodology advances previous imaging of mouse T cell͞target cell intercellular contacts that used paraformaldehyde-fixed cells (24) or live T cells interacting with MHC protein-rich lipid bilayers (25) . Here, immune synapses are shown to exist at the contact between two living human cells.
Materials and Methods
Cell Lines and Transfectants. Plasmids encoding EGFP attached to the C terminus of HLA-Cw3 or -Cw4 were prepared by PCR of the appropriate HLA-C allele to remove the stop codon and add an EcoRI restriction site at the 5Ј end and a NotI site at the 3Ј end. EGFP was prepared by PCR from the plasmid pEGFP (CLONTECH) to contain a NotI site at the 5Ј end and a BamHI site at the 3Ј end. These PCR products then were joined and amplified together by PCR by using primers at the 5Ј end of HLA-C and the 3Ј end of EGFP. The product was cloned first into pBABE and then into pcDNA3 (Invitrogen). Plasmids encoding other GFP-linked proteins were prepared by PCR of the appropriate HLA-C allele to remove the stop codon and cloned as KpnI͞NotI fragments into the vector initially encoding HLA-Cw3-GFP. All primers were purchased from Life Technologies (Gaithersburg, MD) and all plasmid inserts were sequenced by the Core Facilities, Dana-Farber Cancer Institute (Boston, MA). 721.221 cells were transfected with 100 g of linearized plasmids by electroporation, and peripheral blood NK cell lines were prepared from healthy donors as described (11) . The correct molecular weight of GFP attached to HLA-C was checked by analyzing cell lysates by SDS͞PAGE and Western blotting by using a mAb to GFP (CLONTECH).
Laser-Scanning Confocal Microscopy. NK cells and target cells (3 ϫ 10 6 of each) were mixed together in 6 ml of medium, briefly centrifuged at 1,500 rpm to bring cells into contact, and incubated for 20 min at 37°C in 5% CO 2 . Cells then were resuspended in Ϸ50 l of tissue culture medium and Ϸ7 l sealed between a glass slide and 0.17-mm coverslip. Slides were imaged immediately by laser-scanning confocal microscopy (LSM 410; Zeiss) by using a ϫ100 objective. For counting the percentage of clustering, slides were scanned by Nomarski imaging and cells that clearly were conjugated were examined for their fluorescence Staining Cells with mAb. EB6 and HP3E4, mAbs to KIR1, were purchased from Immunotech or were a kind gift from M. Lopez-Botet (Hospital Universitario de la Princesa, Madrid, Spain). IgG1 mAb EB6, HA58, and HI111 (PharMingen) against KIR1, intercellular adhesion molecule-1 (ICAM-1) (CD54), and lymphocyte function-associated antigen-1 (LFA-1) (CD11a), respectively, were labeled with Alexa 568 according to the manufacturer's instructions (Alexa 568 Protein Labeling Kit; Molecular Probes). Labeled mAb EB6 (50 g͞ml) was used to stain YTS͞KIR1 and 221͞Cw6-GFP, preincubated together for 20 min at 37°C in 5% CO 2 , according to the manufacturer's instructions (Cytofix͞Cytoperm kit; PharMingen). Labeled mAb HA58 (1 g͞ml) was used to stain 1.5 ϫ 10 6 ͞ml 221͞Cw4-GFP cells before incubation with YTS͞KIR1. Labeled mAb HI111 (1 g͞ml) was used to label 1.5 ϫ 10 6 ͞ml YTS͞KIR1 cells before incubation with 221͞Cw6-GFP.
KIR-Ig Coated Beads. KIR1-Ig was covalently coupled to 10-m carboxylated microspheres (Polybead; Polysciences) by using carbodiimide (Carbodiimide kit; Polysciences). Coated beads (2 ϫ 10 7 ) were incubated with 5 ϫ 10 6 221, 221͞Cw3-GFP, or 221͞Cw4-GFP cells in 5 ml of media for 20 min at 37°C and prepared for microscopy.
Results

KIR Induce Clustering of HLA-C.
A peripheral blood NK line, 484, expressing both KIR1 and KIR2 by flow cytometry, was incubated with the 721.221 transfectants. Clusters of GFP-linked HLA-Cw3 ( Fig. 1A ; Table 1 ) or HLA-Cw4 (Table 1) were clearly seen in about 70% of cell conjugates. A single NK cell was able to simultaneously cause clustering of MHC protein on several target cells, and one target cell could simultaneously present clusters of MHC protein at multiple NK cell contacts ( Fig. 1 A) . Also, one NK cell may simultaneously bind cells expressing different MHC alleles and form an MHC cluster with none, one, or many (not shown). This may provide the molecular basis for the fact that NK cells are unable to be inhibited ''in trans'' (3), i.e., the inhibitory effect of KIR may be local within the cell, only at the synapse.
To determine whether the clustering of class I MHC protein was orchestrated specifically by NK receptors, YTS, an NK tumor line that expresses no known KIR, was transfected to express NK receptors by retroviral infection (26) . YTS expressing KIR1 (YTS͞KIR1) triggered intercellular clustering of GFPlinked HLA-Cw4 or HLA-Cw6, but not HLA-Cw3 ( Fig. 1 B and C; Table 1 ). The diameter of HLA-C clusters ranged from 3 to 6 m, approximately half the diameter of the intercellular contact. Blocking KIR1 with mAb EB6 abrogated clustering of HLA-Cw6 ( Fig. 1D ; Table 1 ). Thus, the clustering of distinct class I MHC alleles is controlled by the specificity of the NK receptors expressed.
YTS͞KIR1 was able to cause clustering of GFP-linked HLACw6 in which the transmembrane sequence was replaced with that of HLA-G (221͞Cw6-TMG-GFP, Table 1 ), which lacks a critical transmembrane cysteine. Thus, although recognition of HLA-Cw6 by a subset of NK cells is dependent on a cysteine within the transmembrane sequence (Cys309) (27) , clustering of HLA-Cw6 by KIR1 is independent of this substitution. Similarly, YTS͞KIR1 efficiently clustered HLA-Cw6 in which the cysteine residue in the cytoplasmic tail unique to HLA-C (Cys321) was replaced with tyrosine, the corresponding residue in HLA-A or -B (221͞Cw6-C321Y-GFP, Table 1 ). A mutant of ␤ 2 -microglobulin (␤ 2 m) was prepared that could be labeled with a single red fluorophore (Alexa 594 maleimide; Molecular Probes) at a site distal to its binding site with the class I MHC heavy chain (28) (29) (30) . Fluorescent images of Alexa 594-conjugated ␤ 2 m exogenously exchanged with its natural counterpart were dim compared with those of GFP-linked HLA-C because only low amounts of ␤ 2 m readily exchange at the cell surface. Nevertheless, clusters of Alexa 594-conjugated ␤ 2 m were clear at intercellular contacts between 721.221͞Cw6 and YTS͞KIR1 (Fig. 1E) . This novel and minimally invasive method proves that clustering of HLA-C at the target͞NK cell interface is independent of GFP attachment and other potential sources of artifact such as mAb cross-linking. Clusters of class I MHC were also evident by labeling with fluorescein-conjugated mAb G46-2.6 (PharMingen), which recognizes HLA-C but does not efficiently block its interaction with KIR (data not shown).
Because mAb EB6 blocks the clustering of HLA-C by KIR, it could not be used to reveal the location of KIR at the interface of live cell conjugates. Instead, cells were incubated together to allow synapse formation and subsequently were fixed with formaldehyde before staining with fluorophore-conjugated anti-KIR mAb EB6 in the presence of a mild detergent (see Materials and Methods). This methodology allowed clustering of KIR1 to be detected on the NK cell (Fig. 1F, red field) . Superposition of the red and green fluorophores gave a yellow band at the interface, clearly demonstrating the overlap of clustered KIR and HLA-C protein at the intercellular contact (Fig. 1F) .
Clusters of class I MHC protein followed the intercellular contact as NK cells moved about the surface of the target cell (Fig. 1G) . Such extensive immunosurveillance by NK cells may be required when surveying cells that express class I MHC protein in patches at the cell surface or at a pole.
Supramolecular Organization of the Human NK Cell Immune Synapse.
Images within the plane of intercellular contact were taken by motorized stepping of the objective lens at 0.05-m intervals while the illuminating laser scanned a plane bisecting the flattened intercellular contact. This method showed a uniform distribution of GFP-linked class I MHC protein at the edge of an unconjugated cell (not shown) or at the contact between 221͞ Cw4-GFP and untransfected YTS ( Fig. 2A) . However, a ring of class I MHC protein was clearly visible in intercellular contacts between 221͞Cw4-GFP and YTS͞KIR1 (Fig. 2 A) . A red membrane dye, DiD (Molecular Probes), showed a uniform distribution at the interface, demonstrating that the apparent ring of class I MHC protein was not caused by the shape of the plasma membrane at the contact (Fig. 2 A) . Using Alexa 568-conjugated mAb HA58, ICAM-1 (CD54) was found to concentrate at the center of the class I MHC ring (Fig. 2 A) . mAb HI111, which binds LFA-1 but does not block its interaction with its ligand ICAM-1, also moves to a central patch within the ring of MHC protein (Fig. 2B) . mAb EB6, used to stain KIR1 in fixed and permeabilized cell conjugates, reveals that KIR organize into a ring-shaped structure opposite the MHC protein at the intercellular synapse. Thus, at the synapse, the distributions of MHC and ICAM-1 proteins on the target cell correspond exactly to Listed is the number of 221/Cw4-GFP cells with a cluster of HLA-C at the intercellular contact with YTS/KIR1 in the presence of metal chelators and salts . TPEN, N,N,NЈ,NЈ-tetrakis-(2-pyridylmethyl) shows the number of 221/Cw6-GFP cells with a cluster of GFP fluorescence at the contact with YTS/KIR1 in the presence of metabolic or cytoskeletal inhibitors. The extent of ATP depletion is shown for each metabolic inhibitor. By calibrating the luciferase assay with known ATP concentrations, the total amount of ATP in 50 ϫ 10 3 of untreated NK and target cells (25 ϫ 10 3 of each) was about 2 ϫ 10 Ϫ10 moles. The time of incubation indicated refers to the time that each cells type was preincubated before the cells were mixed together. Cells then were incubated together for a further 20 min in the presence of the compounds. ''% clustering" refers to the number of target cells that have a cluster of HLA-C at an NK cell contact. These data do not preclude the possibility that the number of cell conjugates formed or the quantity of clustered protein is affected by the compounds used. N/A, not applicable. their receptors, KIR1 and LFA-1, on the NK cell side of the interface.
Strikingly, this intercellular arrangement of class I MHC protein͞KIR protein and ICAM-1͞LFA-1 is inverted compared with the distribution of class II MHC protein and ICAM-1 at the mature mouse T cell͞target cell interface (24) . Instead, this distribution of class I MHC protein and ICAM-1 is like the transient arrangement seen at the nascent contact between a mouse T cell and lipid bilayer, lasting up to 5 min (25) . Here, the arrangement of MHC protein and ICAM-1 at the contact between live human peripheral blood NK cells and B cell transfectants was stable for at least 22 min (Fig. 2C) . After 22 min, the fluorescence from both GFP and Alexa 594 was bleached significantly. It will be interesting to determine whether the NK-activating receptor(s) and their ligand(s) colocalize in the ring with KIR1 and HLA-C or in the center with LFA-1 and ICAM-1 under different conditions, when the components of the NK cell lysis receptor͞ligand system(s) have been fully identified. ions, restored MHC clustering in the presence of 1,10-phenanthroline ( Fig. 3; Table 2 ). Addition of another chelator with similarly high affinity for Zn 2ϩ or Cu 2ϩ , NNNЈNЈ-tetrakis-(2-pyridylmethyl)-ethylenediamine, also abrogated MHC clustering (Table 2) . Clearly, a divalent transition metal cation, presumably Zn 2ϩ physiologically, is required for clustering of HLA-C by KIR.
Previously, removal of the metal ion-binding site or addition of 1,10-phenanthroline was shown not to effect the binding of KIR to HLA-C, yet did impair signal transduction (31, 32) . Now, these results can be explained. Metal ion chelation is required for MHC clustering by KIR, and such clustering is required for the initiation of signal transduction by KIR. Because MHC clustering is an integral part of T cell recognition (24, 25, 33, 34) , NK cells could kill targets containing a viral product that interfered with MHC clustering. (Table 3 ). The ATP-dependent process of internalizing fluorophore-conjugated transferrin was inhibited by azide (not shown). However, none of these poisons affected the number of immune synapses formed ( Fig. 4 ; Table  3 ). Furthermore, neither cytochalasin B, cytochalasin D, nor colchicine had any effect on the number of synapses formed. Cytochalasins B and D affect actin filaments and colchicine inhibits tubulin polymerization. Thus, neither ATP nor tubulinor actin-mediated cytoskeletal movement is necessary for clustering of HLA-C by KIR. It is possible that ATP or tubulin-or actin-mediated cytoskeletal movement is required for the MHC͞ ICAM-1 distribution to invert, as seen at the mature T cell immune synapse (24, 25) . It is also possible that the number of cell conjugates formed, or the absolute amount of protein clustered, may be affected by metabolic or cytoskeletal inhibitors. Beads (10 m) were coated with a chimeric protein consisting of the extracellular portion of KIR1 attached to the Fc portion of IgG Ab (35) . By flow cytometry, such beads stained with mAb HP3E4 (anti-KIR1) about two orders of magnitude greater than YTS͞KIR1 (not shown). However, although these beads efficiently attached themselves to 221͞Cw4-GFP (and not to 221͞ Cw3-GFP or untransfected 221), they did not facilitate clustering of HLA-C (Fig. 4G) . Thus, although ATP and tubulin-or actin-mediated cytoskeletal movement are not required, a solidphase support for KIR alone is not sufficient for HLA-C clustering. Thus, consistent with the superposition of proteins at the synapse (Fig. 2B) , the NK cell immune synapse probably is formed, at least in part, by passive diffusion of both MHC and KIR proteins within the plasma cell membrane. 
Discussion
This demonstration of an inhibitory synapse between living cells firmly establishes immune synapses as broadly significant in molecular recognition between cell surfaces. That neither ATP nor tubulin-or actin-mediated cytoskeletal movement is required for formation of the NK cell immune synapse suggests that organization of membrane microdomains, protein͞lipid interactions, and receptor oligomerization are critical determinants of intercellular recognition, at least for NK cells. Pharmaceutical intervention of specific intercellular clustering may be of use therapeutically, e.g., to enhance NK killing of HIVinfected or tumor cells by inhibition of HLA-C clustering. Rapid assays of intercellular protein clustering, perhaps by using spectroscopic techniques (e.g., refs. 29 and 36), must be developed before large chemical libraries can be screened.
For understanding NK cell immunosurveillance, it remains to be determined how formation of the NK cell immune synapse described here intersects with known biochemical signal transduction pathways (37) . Once again, as a professor of physiology in Göttingen wrote 165 years ago, ''the great improvement in microscopes and the growing interest of younger observers will shortly throw new light on this subject'' (38) .
